Abstract-In this paper solar driven triple effect refrigeration cycle is investigated from the viewpoint of both energy and exergy concepts of thermodynamics. In this cycle ejector organic Rankine cycle, absorption refrigeration cycle and transcritical CO 2 refrigeration cycles are integrated in order to obtain a range of temperature for varied simultaneous use. Parabolic trough collectors are used to utilize solar thermal energy for driving the refrigeration cycles. Exergy analysis determines the destruction and losses of exergy in various components and hence in overall system. Exergy efficiencies provide measure of approach to ideality while exergy destruction and losses provide measure of the deviation from ideality. Energy efficiency is found to be around 16.42% while exergy efficiency is 1.64%. The maximum thermodynamic irreversibility occurs in parabolic trough collector, followed by generator of absorption refrigeration system, heat recover vapour generator and ejector.
I. INTRODUCTION
Energy plays a significant role in the development of the world. Refrigeration and air conditioning systems alone accounts for around 30% of the global energy consumption [1] . Also, 45% of the total residential energy consumption is due to air conditioning systems [2] . There are many commercial and industrial applications where cooling is required at different temperatures simultaneously. For example, supermarkets where air conditioning can be provided by absorption refrigeration system, cooling temperatures of 0 to -10°C can be provided by ejector refrigeration system and lower temperatures of around -10 to -30°C can be provided by vapour compression refrigeration system. The integration of these three cooling technologies can provide the different temperatures at different magnitudes simultaneously.
In this paper absorption refrigeration, organic Rankine, ejector refrigeration and transcritical vapour compression refrigeration cycles are combined. The solar heat is used to operate ORC and ARC directly while ERC and VCR cycle are operated by turbine exhaust ant turbine power respectively. For the utilization of solar energy parabolic trough collectors (PTC) are used. For thermodynamic performance both energy and exergy analysis is carried out. Exergy analysis provides Manuscript received October 12, 2015 ; revised March 8, 2016 . Manoj Dixit and S. C. Kaushik are with the Centre for Energy Studies, Indian Institute of Technology Delhi, New Delhi, 110016, India (e-mail: mandix@ces.iitd.ac.in, kaushik@ces.iitd.ac.in).
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more meaningful information as compared to energy analysis. It helps in identifying site, quantity and source of thermodynamic inefficiency. Exergy destruction in each component is evaluated in order to find out the direction for potential improvement. Parametric analysis is done to examine the influence of various operating parameters on the system [3] - [14] .
II. SYSTEM DESCRIPTION
The solar driven triple effect cycle consists of parabolic trough collector, absorption refrigeration cycle, organic Rankine cycle, ejector refrigeration cycle and transcritical vapour compression refrigeration cycle as shown in Fig. 1 . The PTC are suitably employed to harness the maximum available solar energy. The parabolic trough collectors perform better with efficient tracking system. It allows focusing the entire available energy on the metallic tube (receiver) Therminol VP-1 oil is used as the working fluid in the present case. The oil transfers its heat to HRVG (1-2) and generator (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . The working substance used in ejector organic Rankine cycle (EORC) is R-141b. The superheated vapour of R-141b (4) is generated in HRVG and expanded in turbine. The turbine exhaust (5) act as a primary motive fluid for ERC (5-6-7-9-10-11). At the exit of the nozzle section of the ejector, the high velocity primary refrigerant vapours create vacuum at the inlet of the mixing chamber and thereby extracting secondary refrigerant vapour (11) from evaporator-1 and causes cooling effect.
The mixture of primary and secondary fluid (6) is condensed in condenser-1. The work output of turbine is fed to compressor of transcritical VCR cycle (23-24-25-26). The refrigerant used in the cycle is nitrous oxide (N 2 O) . The single effect LiBr-H 2 O absorption refrigeration cycle (13-14-15-16-17-18-19-20-21-22 ) consists of generator, condenser-2, evaporator-2, absorber, solution heat exchanger (SHE), pump-2 (P-2) and throttle valves (TV-2 and TV-3). The description of ARC cycle is given elsewhere [15] .
III. THERMODYNAMIC ANALYSIS
Principle of mass conservation together with first and second law of thermodynamics is applied in order to carry out the thermodynamic analysis of PTC integrated triple effect cooling system. The general equations are:
The second law of thermodynamics facilitates in assessing the performance of the system based on exergy, which always decreases owing to irreversibility.
For a control volume, the exergy flow rate of a fluid, considering only physical exergy, is expressed as:
Exergy destruction rate for each component is calculated using equation (4) 0 0 The input solar power to the system is the solar power collected by the collectors or mirrors of the PTC and is given as [16] :
where I b is direct normal radiation (DNI) and θ is the angle of incidence.
The total exergetic solar power input to PTC is given as [17] :
where T s is the apparent black body temperature of the sun and T a is the ambient temperature.
The solar power absorbed by receiver/absorber of PTC can be estimated by the following equation [16] . ( ) The End Losses are the function of the focal length of collector (f), the length of the collector (L) and the incident angle [18] .
The incident angle affects the direct normal irradiation on the mirror aperture. This effect is accounted for by the incident angle modifier (K(θ)) which is given by [19] . 5 2 4 ( ) cos 2.859621 10 . 5.25097 10 .
The total exergetic solar power absorbed by the receiver /absorber of PTC is given by (1 )
The useful thermal power gain (Q u ) by thermic fluid is given by ,,
The useful thermal power gain can also be expressed as:
The useful exergetic gain (Ex u ) by thermic fluid is given by
In order to carry out thermodynamic analysis of such complex system, certain assumptions are required to simplify the analysis. The system operates under steady state condition, Pressure loss and pump work are neglected, the states of fluid at the exit of condenser and evaporator are saturated liquid and saturated vapor respectively, only physical exergy is considered and Lithium bromide solution in the absorber and generator are in equilibrium state at their respective pressure and temperature. The required operating parameters for the thermodynamic analysis are given in Table I . The relations obtained by the application of energy and exergy balance to each component of ARC, EORC and VCRC are outlined in Table II . The performance of the system, based on first law of thermodynamics, can be evaluated using thermal efficiency (η th ) which is defined as the ratio of the desired cooling effect to the heat input. The thermal efficiency of solar triple effect system is expressed as: [20] . The results thus obtained are presented and discussed in this section. For the base case calculations, oil temperature at PTC outlet is considered as 170°C, turbine inlet pressure is 900 kPa, turbine back pressure is 220 kPa and gas cooler pressure is 9320 kPa. In order to carry out the parametric analysis, one parameter is varied while others remain constant. Application of exergy analysis to the system provides valuable information on exergy distribution and destruction, as shown in Fig. 3 . It is clear from the figure that out of the total solar exergy available to the system, only 1.64% is obtained as desired refrigeration output while remaining 98.36% undergoes destruction and loss. The collection subsystem of PTC is the major source of thermodynamic inefficiency as it accounts for 65.61% destruction of solar exergy input to the system, followed by receiver of PTC, generator, HRVG, ejector and condenser-1. Thus, exergy analysis makes it clear that special attention needs to be given to these components while selecting their design and operating parameters, so as to enhance the performance of the complete system. . It is found in the analysis that refrigeration output of ARC decreases while that of EORC and VCRC increases with the increase in oil temperature. As oil temperature increases from 160°C to 180°C, the refrigeration output of both EORC and VCRC increases by almost 23%. Increased temperature results in better quality of refrigerant vapour at turbine inlet, thus more power is available from turbine to VCRC. This causes increased mass flow rate of refrigerant through evaporator-3, resulting in increased refrigerating effect in VCRC. Also, improved quality of vapour refrigerant at turbine inlet results in better quality of refrigerant at the exit of turbine. This causes increase in velocity of primary motive fluid at nozzle exit, which creates greater vacuum at secondary vapour entrance to ejector. This causes more secondary refrigerant to flow through evaporato-3 and hence higher refrigerating effect in EORC. The cooling capacity of ARC reduces by 62.62% with the increase in oil temperature within the given range. The fall in cooling capacity of ARC is because of the decrease in oil temperature at the exit of HRVG (point 2). Thus input heat to ARC decreases which causes lesser refrigerant (water) generation in the generator. The magnitude of refrigeration output of ARC is much more than that of EORC and VCRC, therefore, the total refrigeration output follows the trend of variation of refrigeration output of ARC. The total cooling capacity of the system registers a decline of 32.72% with the increase in oil temperature from 160°C to 180°C. Fig. 5 represents the variation of first law based thermal efficiency and second law based exergy efficiency with oil temperature. Appreciable drop in thermal efficiency of the system is observed with the rise in temperature of oil, whereas exergy efficiency remains almost constant with the change in temperature. The decrease in thermal efficiency is around 32%, and it is so because of drastic fall in overall cooling capacity with the increase in oil temperature. 6 shows the effect of turbine inlet pressure on cooling capacities of EORC, ARC and VCRC and on total cooling capacity. Increase in turbine inlet pressure from 900 kPa to 1700 kPa causes reduction in cooling capacities of EORC and VCRC by 43.79% and 51.67% respectively. Contrary to this, the cooling capacity of ARC increases with increase in turbine inlet pressure. It is more than three times at 1700 kPa than at 900 kPa. Consequently, total cooling capacity registers an increase of 144%. Thus it can be said that turbine inlet pressure has profound effect on cooling capacity. The rise of turbine inlet pressure reduces the mass flow rate of refrigerant (R141b) vapours generated in HRVG. Thus, heat input to EORC decreases whereas heat input to ARC increases. Lower mass flow rate and lower heat input in EORC results in lower refrigeration and power output. Lower power generation in EORC causes lower power input to VCRC and thus lower refrigeration output of VCRC. Increase in availability of heat to ARC results in increase in cooling capacity of ARC. Fig. 7 shows the variation of energy and exergy efficiency of solar driven triple effect refrigeration system with increase in turbine inlet pressure. The thermal efficiency increases significantly as compared to exergetic efficiency. The increase in thermal and exergetic efficiency, with the increase in turbine inlet pressure, is 144% and 24% respectively.
The effect of gas cooler pressure on refrigeration output is shown in Fig. 8 . The gas cooler pressure is varied between 8000 kPa and 11000 kPa. The increase in gas cooler pressure affects only the output of VCRC, the outputs of ARC and EORC remains unaffected. With the increase in gas cooler pressure, refrigeration output of VCRC first increases and then starts decreasing. Therefore, there is a particular value of gas cooler pressure corresponding to which cooling capacity of VCRC and hence total cooling capacity is maximum. The gas cooler pressure corresponding to maximum cooling capacity for the base case is 9333 kPa. 9 shows the variation of thermal efficiency and exergy efficiency with increase in gas cooler pressure. Like cooling capacity, both thermal and exergetic efficiencies attains a maximum value at a particular gas cooler pressure. The gas cooler pressure corresponding to maximum thermal efficiency and maximum exergetic efficiency is same. The maximum values of thermal and exergetic efficiencies, for the base case, are 16.43% and 1.64% respectively and the corresponding gas cooler pressure is 9333 kPa. Thus, it can be concluded that maximum refrigeration output, maximum thermal efficiency and maximum exergetic efficiency are obtained at same gas cooler pressure, other conditions being constant. 
V. CONCLUSION
Based on the energy and exergy analysis of solar triple effect refrigeration cycle, following conclusions can be made. 1) Irreversibility is maximum due to PTC, generator, HRVG and ejector. Therefore, design of these components requires extra attention for better performance of the system. 2) Exergy output of solar triple effect cycle is much less than energy output. About 16.82% is obtained as desired energy output while only 1.64% is obtained as desired exergy output.
3) The exergy output of VCRC is much more than the exergy output of ARC and EORC for a given solar energy source. It is 1.07% for VCRC while for ARC it is 0.34% and for EORC it is merely 0.23%. 4) Maximum energy and exergy efficiency occurs at a particular gas cooler pressure for given set of conditions. 
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